Radiolarian-rich sediments from several sites in the North Atlantic (DSDP Holes 398D and 603B and ODP Holes 638B, 638C, 640A, 641A, and 641C) were studied in order to understand the diagenetic history of radiolarian skeletons as they transformed from biogenic opal (opal-A) into silica (opal-CT and quartz) and zeolites. Replacement of skeletons by carbonates and sulfides in response to the lithology of the host sediment was also studied.
INTRODUCTION
In general, the preservation of Cretaceous radiolarians in At lantic Ocean sediments is poor. Under the SEM, even appar ently well-preserved faunas show advanced stages of diagenetic alteration. During biostratigraphic studies of radiolarians from several North Atlantic sites-Deep Sea Drilling Project (DSDP) Hole 398D and Ocean Drilling Program (ODP) Holes 63 8B, 638C, 640A, 641A, and 641C in the eastern North Atlantic ( Fig. 1 ) and DSDP Hole 603B in the western North Atlantic (Fig. 2 )-many varieties of alteration and replacement mineral ogy were observed, from which a history of several diagenetic steps was identified.
Many studies related to silica diagenesis have been made, based mainly on DSDP data, with the primary objective of ex plaining the origin of marine porcellanites/cherts (compilation in Wise and Weaver, 1974; Pisciotto, 1981) . In particular, clinoptilolites are discussed by Kastner and Stonecipher (1978) and Stonecipher (1976 Stonecipher ( , 1978 . Regional studies from the Pacific and adjacent areas are numerous: Bramlette (1946) , Heath and Mo berly (1971) , Heath (1973) , Lancelot (1973) , Kastner and Keene (1975) , , Hein et al. (1981) , Pisciotto and Garrison (1981) , Ijima et al. (1983) , and Murata and Larson (1975) . Stud ies of the North Atlantic include von Rad and Rosch (1974) , von Rad et al. (1977) , Melieres (1979) , von Rad (1979a, 1979b) , Otsuoka (1985) , and Thein and von Rad (1987) . Most of the authors relate porcellanite/chert occurrences to abundant deposition of biogenic opal-A, for which a favorable deposi tional environment exists beneath upwelling areas with high plankton productivity. Other authors, however, describe direct crystallization of quartz from pore solutions and the occurrence of porcellanites directly associated with volcanogenic material.
Because data about the diagenetic alteration of radiolarians are widespread in the literature, this study focuses only on radi-
METHODS
The radiolarian content in the studied samples was generally too low for detection of their mineralogy by the analysis of bulk samples by Xray diffraction (XRD). Even after dissolution of the carbonate with HC1, the radiolarian mineralogy could not be unambiguously detected because of the high clay content and percentage of detrital components. Thus, the samples were treated with HC1 (5%) followed with H 2 0 2 (35% + chalk as buffer for pyrite oxidation) and finally washed through a 40-fim sieve; samples with calcite-replaced faunas noted in thin sections were treated with detergent (REWOQUAT), which allowed for faunal extraction without destruction. Radiolarians or their alteration products were hand-picked and mounted on SEM stubs. A sample of the host sediment was also mounted for study with the SEM and EDAX. Some residues were powdered and analyzed by XRD.
We used the terminology of Jones and Segnit (1971) to describe the transformation from biogenic opal-A to opal-CT, and finally, to quartz. Zeolites are described chiefly as clinoptilolite, after testing of two zeo- lite-rich samples with the heating method ( Fig. 3) (Mumpton, 1960) re vealed the characteristic XRD pattern for clinoptilolite. Radiolarian abundance and diagenetic alteration, as well as abun dances of quartz, zeolite, and pyrite and the ratio of total organic car bon to carbonate content, are plotted in Figures 4-6. The data for these plots are from thin-section, smear slide, and geochemistry data from the Initial Reports chapters for Sites 398, 603, 638, 640, and 641 (Shipboard Scientific Party, 1979 , 1987a , 1987b , 1987c , 1987d , Sigal (1979) , and studies by the author (compare with Thurow et al., this volume, Tables 1  and 2 Percentages of clay minerals at Site 398 and the Leg 103 sites are from the "Site 398" chapter summary chart (Shipboard Scientific Party, 1979) and from Meyer and Davies (this volume) and Thurow et al. (this volume) , respectively. Information about the abundance and preserva tion of radiolarians in the studied samples is compiled in Appendix B. The diagenetic alteration types of radiolarians described from all sites on the basis of strewn slides and washed residues are also listed in Ap pendix B.
HOST SEDIMENT LITHOLOGY, RADIOLARIAN OCCURRENCES, AND SKELETAL REPLACEMENT MINERALOGY
Diagenetically altered radiolarians have been observed from various lithologies within the Cretaceous North Atlantic forma tions of Jansa et al. (1979) .
The Plantagenet Formation has locally developed distinctive lithologies. The Campanian section contains an olive-gray/ol ive-brown zeolite-and radiolarian-rich facies from which washed residues (up to 25% of the bulk volume) show a white sand that consists entirely of radiolarians recrystallized to clinoptilolite (e.g., Hole 603B; Pl. 5, Fig. 1 ; see also Thurow, this volume). The base of the Plantagenet Formation, just above the CTBE, consists in some places of a multicolored zeolitic clay (e.g., Site 105). At Hole 641A, this clay (only gray-green in color) is de void of radiolarians but strongly enriched in clinoptilolite. Ra diolarians in deep-sea sediments deposited during the CTBE show different types and degrees of preservation. At Hole 398D (Sections 2-5 of Core 56) CTBE lithologies include black shale, gray-green claystone, and reddish claystone, all of which con tain common radiolarians replaced by opal-CT. Radiolarians in the reddish and black facies are strongly corroded and zeolitized, whereas preservation is moderate in the gray-green facies. The reddish claystones (e.g., Sample 398D-56-2, 2-6 cm) interca lated with the younger CTBE deposits contain abundant, poorly preserved radiolarians (Thurow, this volume) . At Hole 603B (Sections 603B-33, CC, and 603B-34-1 through 603B-34-3), black shales contain only rare occurrences of strongly corroded and opal-CT-replaced skeletons with smooth surfaces. The lower Tu ronian claystone above the black shale contains abundant opal-CT-and zeolite-replaced radiolarians with the typical CTBE faunal composition (Thurow, this volume) . At Hole 641A (Sam ples 103-641A-6X-7, 17 cm, to 103-641A-6X, CC [27 cm]), no radiolarians were found in the black shale layer and in the graygreen sections above and below it, but the samples contain large amounts of zeolite.
Radiolarians are common throughout the Hatteras Forma tion. Preservation is variable but generally poor. At Hole 398D (Cores 398D-57 through 398D-130; middle Barremian to Ceno manian), radiolarians are replaced by opal-CT (quartz?) and of ten strongly recrystallized. Replacement of radiolarian skeletons by pyrite (as reported by Sigal, 1979) was not observed. Never theless, pyrite is common in the sediment throughout the for mation. At Hole 603 B, radiolarians are rare and concentrated in and Section 103-641C-16R, CC, radiolarians are replaced by sil ica (opal-CT transitional to quartz, as suspected from thin-sec tion studies) or rarely replaced by pyrite. The location of the boundary with the underlying Blake-Bahama Formation, which occurs within this interval, is not precisely known, but it may coincide with the boundary between the lithologic Units V and VI (103-641C-11R-3, 26 cm), which itself coincides with a strong increase of pyrite-replaced radiolarians.
Variably preserved radiolarians are common throughout the Blake-Bahama Formation in Holes 603B, 638B, and 641C. By far, the most common diagenetic process observed in these radi olarians is dissolution of the primary skeleton and precipitation of coarse calcite casts (Pl. 8, Fig. 5 ). In strongly bioturbated areas, the radiolarians were replaced by pyrite and filled with coarse calcite. Radiolarians in the detrital calcareous claystone are always replaced by pyrite (Pl. 6, Fig. 2 ), in addition to com mon strong pyrite recrystallization with pyrite overgrowth. At Hole 398D, only the uppermost part of the Blake-Bahama For mation was drilled; the radiolarians are again represented by calcite casts, but some poorly preserved silica-replaced skeletons remain. No samples from the Blake-Bahama Formation in Hole 603B were studied; data about radiolarian diagenesis in this sec tion are presented by Thein and von Rad (1987) and Ogg et al. (1987) . Figures 4-6 and Table 1 provide a compilation of sedi mentological, diagenetic, and paleoceanographic information related to sediments from all of these formations.
DIAGENETIC REPLACEMENT PROCESSES
We observed the following replacement/alteration processes in radiolarians: 8. Pyrite/limonite lusters on skeletons (type H) 9. Zeolite internal casts (not always easily detectable) (type J) 10. Monospecific replacement by a certain mineral (e.g., opal-CT, whereas all other forms are replaced by pyrite) (type K).
Opal-A Replacement by Opal-CT or Quartz (Type A)
Skeletons are replaced with silica by transformation of the biogenic opal-A into opal-CT ( Fig. 7A ; Jones and Segnit, 1971) . Final transformation to microcrystalline quartz was rarely ob served in thin sections. 
m □
There was no evidence for the preservation of any opal-A. Several authors (e.g, Riech and von Rad, 1979a) have found the preservation of biogenic opal-A to be a function of age, burial depth (temperature), and the host rock facies. According to Riech and von Rad (1979a) and Thein and von Rad (1987) , opal-A in the Atlantic Ocean is stable only in sediments not older than Late Cretaceous, and then only at shallow depths of burial (0-400 m). In this paper, the youngest samples are early Campanian in age, and as they were most likely buried beneath a thick Tertiary sediment cover, we assume that no radiolarian skeletons of primary opal-A (biogenic opal) occur in the Creta ceous samples studied.
All tests are recrystallized to some extent. The primary bio genic opal-A is either replaced by opal-CT (Fig. 7B ) or, in a more advanced diagenetic stage, recrystallized to quartz, which in turn can be dissolved. Thin-section studies of samples from the lower part of the Hatteras Formation and from the BlakeBahama Formation reveal distinct nuclei of quartz crystals in the outer parts of the opal-CT-replaced radiolarians.
Some HCl-etched residues of radiolarian samples indicate mod erately to well-preserved radiolarian assemblages (Pl. 1, Fig. 1 ) that, however, have all been altered to a certain degree. In the more calcareous environments of the Lower Cretaceous at Holes 638B, 638C, and 640A, the radiolarians are commonly replaced by calcite. Etching of some of the strongly cemented limestones (e.g., Cores 103-638B-21R and 103-638B-25R) shows that some of the radiolarian fauna (<1% of the total radiolarians) are well preserved and replaced by opal-CT (and commonly filled with zeolite casts). The surfaces of these siliceous radiolarian tests are dotted with imprints of CaC0 3 crystals from the sur rounding sediment (Pl. 1, Figs. 3 and 5) , and the skeletons con sist of opal-CT in the form of regularly intertwinned blades (Pl. 1, Fig. 4 , and Pl. 2, Fig. 7 ; Florke et al., 1976) . In the contact zones between the CaC0 3 crystals and the radiolarian, the skel eton has a dense wall structure.
The original structure of the inner parts of opal-CT-(and quartz-) replaced radiolarian tests is commonly preserved (Pl. 2, Figs. 3 and 4), whereas the surface, which is in contact with the sediment, shows not only imprints of crystals but also intense dissolution (Pl. 1, Fig. 7 , and Pl. 2, Fig. 3 ). The distribution of the silica reveals a distinct pattern. The inner wall has a sharp boundary with the test fill, but the contact between the outer wall and the surrounding sediment is gradational (Pl. 2, Figs. 5 and 6). Additional vug-filling opal-CT lepispheres and quartz(?) are finely dispersed in the sediment (Pl. 2, Fig. 6 , and Pl. 6, Fig.  1 ).
Increasing diagenetic grade
Figure 7. A. Generalized relation between mineralogy and diagenesis of siliceous rocks (from Pisciotto and Garrison, 1981) . B. Powder diffrac tion of washed residues (>40 ^m) of dark greenish claystone from the upper part of the Hatteras Formation (Sample 103-641C-2R-1, 28-32 cm) and reddish claystone from the lower part of the Plantagenet For mation (Sample 398D-56-2, 2-6 cm). Opal-CT is the dominant replace ment mineral. Quartz (Q) was not detected in radiolarian tests from thin-section studies of these samples; thus, quartz is likely of detrital or igin. Feldspars (Fsp), siderite (Sd), ?cristobalite (Cri), and tridymite (Tri) are probably also detrital. H/C = zeolite.
Surface Dissolution (Corrosion) of Skeletons (Type B)
The second major silica diagenetic feature is corrosion. Most silica-replaced radiolarians show different stages of intense sur face dissolution. Skeletal attributes become modified (Pl. 2, Figs. 1 and 2), and the migration of the silica smooths the relief of the skeleton (Pl. 3, Figs. 3 and 5) and cements part of the ad jacent host sediment, mainly clay minerals, but also biogenic components (Pl. 3, Fig. 6 , of a coccolith replaced by silica). In the final stage, the surface of the skeleton is smooth (Pl. 3, Fig.  3 ), whereas the internal skeletal characteristics remain preserved (Pl. 3, Fig. 4) .
The casts of the silica-replaced radiolarians include different minerals, with opal-CT common. In the Carbonate-free Upper Cretaceous claystone, such test infillings are well preserved (Pl. 3, Fig. 7 , and Pl. 4, Fig. 1 ), even where the skeleton is dissolved.
In general, dense opal-CT replaces the original skeletons to form radiolarian ghosts (Pl. 4, Fig. 2) , whereas the inner wall shows lepispheres of opal-CT (Pl. 3, Fig. 1 , and Pl. 4, Fig. 2) , and some have an overgrowth of later formed clinoptilolite (Pl. 4, Fig. 1) . Thin-section studies show that the most common sil ica phase in the samples studied is opal-CT. The presence of cryptocrystalline quartz is difficult to prove and is probably less common; however, both phases may occur in one skeleton. Opal-CT-replaced radiolarians are well preserved in places (Pl. 1, Fig.  3 , and Pl. 3, Figs. 1 and 2 ) and are commonly filled with bladed lepispheres of opal-CT (Pl. 3, Fig. 2 ) or the remains of such lep ispheres that now show the characteristic dense structure of mi crocrystalline quartz (Pl. 1, Fig. 6 ).
According to Kastner et al. (1977) , the transformation from opal-A to opal-CT is a solution-redeposition mechanism, which would explain the common corrosion of the skeletons and pre cipitation of opal-CT lepispheres as internal casts. The compo sition of the solution and of the host sediments controls the rate of transformation from opal-A to opal-CT and finally to quartz. This transformation sequence takes place more rapidly in cal careous sediments than in clayey ones; therefore, opal-CT pre dominates in Mesozoic clayey sediments, such as the Plantage net Formation and Hatteras Formation, whereas in carbonate sediments, such as the Tethyan Majolica and Scaglia pelagic limestones as well as in limestones from the Blake-Bahama For mation, quartz is common.
Replacement of Radiolarians by Clinoptilolite (Type C)
Clinoptilolite is widely distributed in the various lithologies studied, and it is common in all of the lithologic units except for the Valanginian-Hauterivian turbidite series of Holes 638B, 638C, and 640A. The most striking occurrences of clinoptilolite in and/or on radiolarians include (1) the replacement of radiolar ian tests, (2) test infillings, and (3) overgrowths on silica-re placed skeletons.
The partial or complete transformation of radiolarians in different lithologies to a tabular euhedral mineral, indicated to be clinoptilolite by EDAX analysis and by the heating test of Mumpton (1960) (Fig. 3) , has been described from several At lantic sites for Cretaceous and younger strata (Melieres, 1979; Riech and von Rad, 1979a; Otsuka, 1985) .
The processes of zeolitization differ because of the different host lithologies. In the Upper Cretaceous zeolitic clay of Hole 603B (Cores 603B-26 and 603B-33) most (-99%) of the fauna has been transformed to clinoptilolite (Figs. 3 and 8 and Pl. 5, Figs. 1 and 2 ). In addition, even the remaining l°7o of well-pre served radiolarians consists of clinoptilolite and only rarely of opal-CT (intermediate steps between opal-CT or quartz and cli noptilolite replacements) (Pl. 4, Fig. 6 ).
Common internal casts are also made of clinoptilolite type J (Pl. 5, Fig. 2 , for SEM micrograph; Appendix A-l for EDAX analysis).
In many samples, not only does a replacement of the original skeleton exists, but coarser clinoptilolite crystals also infill the tests (Pl. 5, Figs. 2 and 3) . Some of the original test structures are still visible and skeletal attributes can also be seen as nega tive imprints on zeolite internal casts (compare Pl. 5, Fig. 4 , with Pl. 8, Fig. 1 ), but the crystal shape of the clinoptilolite is always present. Moreover, this type of zeolite formation is rarely seen in lithologies other than the Upper Cretaceous zeolitic claystone of Hole 603B (Appendix B), but definite observations have been made in a few radiolarians from Hole 63 8B (Section 103-638B-22R, CC). Zeolites generally form differently in other lithologies. For example, in the limestone and marlstone of the upper part of the Blake-Bahama Formation in Holes 638B and 640A, the original tests were dissolved and the cavities filled with clinoptilolite crystals (Pl. 5, Fig. 5 ). Framboidal pyrite at 2.5 3 4 5 7 A Figure 8 . Powder diffraction patterns of washed residues (>40 fim). A. Zeolitic claystone consisting of >99% radiolarians and internal casts from the Plantagenet Formation (Sample 603B-26-1, 90-93 cm). Radio larians are replaced by clinoptilolite (H/C) (see Fig. 3 ), and quartz (Q) is likely of detrital origin. B. Laminated marlstone with dominantly pyrite-replaced radiolarians (Py) from the upper part of the Blake-Bahama Formation (Sample 103-638B-22R-1, 14-18 cm). Zeolite (H/C), which was seen in thin sections, is also detected by XRD. Some of the quartz is probably derived from partially quartz-replaced radiolarian tests; the rest of the quartz is of detrital origin. Calcite (Ca) is from sediment par ticles.
the boundaries of the former tests may be a degradation prod uct of the radiolarian organic parts. In the Aptian-Albian black shale/gray-green shale couplets, zeolitization is not uniform. Zeolite-replaced radiolarians are only rarely seen in Holes 398D and 641C, but large crystals of clinoptilolite infill opal-CT-replaced skeletons (Pl. 4, . Remains of the silica from the primary opal-A skeleton are opal-CT blades on "pseudolepispheres" scattered in the sediment (Pl. 6, Fig. 1 ; EDAX analyses in Appendix A-2 = material surrounding the lepispheres and in Appendix A-3 = lepisphere formed by a Ca-, K-, and Fe-rich clay mineral-?smectite). Overgrowth of clinoptilolite is also common (Pl. 4, Fig. 7 ). Furthermore, clinoptilolite is commonly associated with radio larian ghosts in thin sections. The clinoptilolite forms the nuclei of the ghosts, which are composed of spherical clay-mineral re placements of radiolarian tests (Pl. 5, Fig. 6 , and Pl. 7, Fig. 6 ).
The occurrence of clinoptilolite in deep-sea sediments is com mon (Kastner and Stonecipher, 1978; Stonecipher, 1978) . These occurrences are characterized as having no crystals > 45 fim (av erage 10-20 /un), the chemistry is always characterized by a high silica content, and the Ca content in clinoptilolites from car bonate-bearing sediment and chalk is not as low (in some places the percentage of Ca plus Mg may be high enough to call the mineral heulandite). In the studied North Atlantic samples, the Ca content of the clinoptilolite is low (even in carbonate-bearing sediments), Mg was not detected, and the mineral clinoptilolite is inferred (see also Fig. 3) . Melieres (1979) studied comparable sediments in the North Atlantic and confirmed that the zeolites are true clinoptilolites.
The formation of clinoptilolite is not yet fully understood. Most authors suggest an alteration of volcanic material (or its alteration products) or biogenic silica as precursor to form cli noptilolite (compilation in Kastner and Stonecipher, 1978) . How ever, Berger and von Rad (1972) described the precipitation of clinoptilolite from pore solutions in an ash-free pelagic sedi ment. Authigenic silicates such as zeolites are formed if suffi cient aluminum, alkali, and alkali earth ions are available in the pore water and if either the silica contribution is below the satu ration value for opal-CT or the available silica decreases consid erably as a result of the common formation of opal-CT. Euhe dral clinoptilolite prisms commonly constitute the latest phase filling radiolarian tests after the formation of opal-CT lepispheres (Pl. 4, Fig. 1 ). Clinoptilolite can also form during an in crease of the interstitial-water silica concentration before opal-CT precipitation (Riech and von Rad, 1979a) (Pl. 4, Fig. 7 ). Similar to opal-CT, massive clinoptilolite can also completely replace the radiolarian test (Pl. 4, Fig. 6 ), including delicate skeletal attributes.
According to Gottardi and Galli (1985) , in comparison to the major zeolite mineral in deep-sea sediments (phillipsite), clino ptilolites are more common in carbonate-bearing sediments (with high sedimentation rates) than in clayey deposits (with low sedi mentation rates). Clinoptilolite is also more common in Atlantic sediments, whereas phillipsite is more common in the Pacific. In the sections we studied, clinoptilolite is common in nearly all of the major lithologies, whether calcareous or not. It is common in Lower Cretaceous strata with comparably high sedimentation rates, as well as in Upper Cretaceous strata with low sedimenta tion rates. Furthermore, no volcanic relicts have been found. This relationship also exists in several coeval and lithologically comparable sites in the North Atlantic (Melieres, 1979; Otsuka, 1985) . From SEM and thin-section studies and from residues, it is clear that clinoptilolite is usually associated more with parti ally dissolved siliceous debris remains than with volcanogenic material, an observation first discussed in detail by Hein et al. (1978) .
According to Heath (1974) , the occurrence of volcanic mate rial with siliceous deposits in the geologic record does not re flect a cause-effect relation, but rather the association of vol canism with the same tectonic processes that modify oceano graphic and depositional environments so as to induce high productivity of radiolarians and preservation of the tests.
Replacement of Radiolarians or Clinoptilolite by Pyrite (Types D + E)
Various replacements of radiolarian skeletons by pyrite are the most common form of diagenesis in Holes 63 8B and 640A.
The diagenesis includes (1) replacement of opal-A by massive pyrite formation of pyrite internal casts and dissolution of the primary test (type E) and (2) replacement of clinoptilolite inter nal casts by pyrite (type D).
Pyrite replacement depends on the age of the deposits. Py rite replacement begins with minute pyrite crystals in lower Al bian deposits (rare at Hole 398D and common at Hole 641C) and increases in abundance to complete replacement of the orig inal siliceous tests downsection in the Blake-Bahama Formation (Holes 603B, 638B.C, 640A, and 641C).
Replacement of the primary skeletal mineral by massive py rite in places yields well-preserved faunas (Pl. 6, Fig. 2) . The pyrite-replaced skeletons are filled with coarse calcite in the nan nofossil-rich limestone and marlstone facies. The pyrite replace ment preserves even the most delicate skeletal elements (Pl. 6, Fig. 3 ). An incipient recrystallization locally develops crystal faces of pyrite. Not only are the skeletons replaced by pyrite, but pyrite also forms internal casts within one specimen (Pl. 6, Fig. 4 , and Appendix A-4).
Solution pits formed on the surface of pyrite-replaced skele tons (Pl. 6, Fig. 5 ). A step-by-step replacement of the pyrite-re placed skeletons by framboidal pyrite was also commonly ob served (Pl. 6, Fig. 5 ). Final recrystallization was to coarse crys talline pyrite. Casts of radiolarians made up entirely of pyrite framboids are a final diagenetic feature (Pl. 7, Fig. 7 ), only rarely showing negative images of the former skeletal morphol ogy (Pl. 6, Fig. 6 ). In places, pyrite-replaced radiolarians are overgrown by coarse, well-developed pyrite crystals (Pl. 7, Fig.  2) .
The replacement process of the primary skeletal mineral by pyrite is puzzling. An intermediate mineralogic stage prior to pyrite replacement was never observed. In the gray-green clay stone alternating with black shale of the Hatteras Formation, some of the silica-replaced radiolarians show a metallic luster of type H. SEM studies reveal this luster to be created by pyrite in two forms:
1. Tiny patches of pyrite crystals on the partly dissolved sil ica-replaced skeletons (Pl. 7, Fig. 10 ; Appendix A-5 for the skel eton and Appendix A-6 for the crystals). It is unlikely that this form of pyrite formation finally led to well-preserved pyrite-re placed radiolarians.
2. Fine pyrite dispersed within the siliceous skeleton. This pyrite was mapped by EDAX analysis but was not visible as dis crete grains with the SEM. Long-term treatment of the fauna with H 2 0 2 changes them to a rusty color because of oxidation of the finely dispersed pyrite. This latter form of pyrite may be an early stage in the replacement of the primary skeletal miner alogy.
Another puzzling phenomenon observed is the monospecific replacement by opal-CT, whereas all other forms are replaced by pyrite of type K (see Pl. 9, Fig 1. in Thurow, this volume).
Formation of Pyrite Internal Casts and Dissolution of the Primary Skeleton (Type F)
Pyrite internal casts are the most common form of preserva tion of radiolarians in the clastic facies of the Blake-Bahama Formation. In general, the casts clearly reflect the primary skel eton (Pl. 7, Fig. 7 ), but they commonly show pyrite recrystalli zation and overgrowth (Pl. 7, Figs. 3 and 11, and Pl. 8,  Fig. 1 ). The internal casts formed from a step-by-step replacement and recrystallization that produced pyrite with crystal faces (Pl. 8, Fig. 1) ; finally, skeletal features were engulfed by the growing pyrite crystals (Pl. 7, Fig. 11) .
Rarely, pyrite-replaced skeletons exhibit internal casts of cli noptilolite or zeolite growth in the internal cavity (Fig. 8, Ap pendix A-7 EDAX analysis of abundant pyrite, and Pl. 7, Figs. 5 and 11).
Castings with framboidal pyrite (Pl. 7, Fig. 8 ) in a manner similar to the framboidal pyrite described as infillings of dia toms by Schallreuter (1984) , as well as recrystallization of mas sive pyrite to framboidal pyrite (Pl. 7, Fig. 1 ), are also com monly observed in dark laminites of the Blake-Bahama Forma tion.
In many samples, pyrite pseudomorphs after clinoptilolite have been observed. Radiolarian casts are formed of euhedral crystals typical of clinoptilolite (Pl. 7, Fig. 4 ). EDAX analysis of single crystals indicates that these crystals are pyrite (Pl. 8, Fig. 2 , and Appendix A-8).
In Hole 638B, coarse "clinoptilolite" casts infilling pyrite-re placed radiolarians reveal a puzzling mineralogy. EDAX analy sis shows that even these "clinoptilolite" crystals contain a re markable amount of pyrite that is not visible with the SEM (Appendix A-9)-probably a first step of in-situ replacement of the zeolite by pyrite.
The precise mechanism of pyrite replacement and formation of framboidal pyrite is still unknown (Schallreuter, 1984) . Pyrite formation is obviously linked with the presence of organic mat ter providing a favorable environment for anaerobic bacteria in the sediments of the Hatteras Formation and Blake-Bahama Formation. According to Berner (1970) , however, the essential requirements for the production of microcrystalline pyrite in normal marine waters include not only the presence of organic matter for the metabolism of sulfate-reducing bacteria but also the diffusion of sulfate into the sediment (Criddle, 1974) or to the radiolarian replaced by pyrite. This is supported by the find ing in this study that in sediment bearing pyrite-replaced radio larians, the pyrite is always finely dispersed, chiefly as fram boids. Furthermore, the formation of an internal cast made of pyrite requires more sulfur and iron than provided by the or ganic matter of the radiolarian. Therefore, sulfur and iron must also diffuse into the radiolarian from outside sources.
It is not known why the black shales of the CTBE and in parts of the Hatteras Formation are devoid of pyrite-replaced skeletons.
Calcite Replacement of Radiolarians (Type G)
Replacement of radiolarian skeletons by calcite is by far the most common process in the pelagic nannofossil marlstone and limestone of the Blake-Bahama Formation. Thin-section studies show that, in general, the entire skeleton is replaced by coarse crystalline calcite, preserving only the gross morphology and not the delicate skeletal elements (Pl. 8, Fig. 5) . Replacement was by dissolution of the primary skeleton and precipitation of coarse calcite casts in the cavity. At the boundary between the calcareous host sediment and the siliceous skeleton, calcite tends to form coarse crystals growing into the central radiolarian cavi ties (Pl. 8, Fig. 3) , which led to a successive destruction of the skeleton (Pl. 8, Fig. 4) . The skeletons dissolved and the silica migrated into the surrounding sediment (Pl. 2, Fig. 6 ), leaving behind a cavity filled with continuously coarser-grained calcite crystals (Pl. 8, Fig. 6) .
A comparable process is the formation of calcitic internal casts within pyrite-replaced radiolarians, which are common in the bioturbated nannofossil limestone of the Blake-Bahama For mation. Replacement of pyrite by calcite was not observed.
Replacement of radiolarians by calcite is also common in Cretaceous pelagic calcareous deposits in onshore outcrops, such as the Upper Cretaceous Scaglia of the circum-Mediterranean fold belts or the Majolica, the Tethyan equivalent of the BlakeBahama Formation. These deposits contain large quantities of radiolarians that are replaced by quartz in some layers, depend ing on their original abundance in the sediment, whereas in most layers, the radiolarians dissolved and calcite casts were produced. The silica released by replacement migrated and formed local chert layers or nodules. This process was only rarely ob served in the samples studied. A first stage is open cavity growth of chalcedony (figured in pl. 8, figs. 3 and 4, of Thein and von Rad, 1987) . A similar growth of chalcedony was observed in thin sections from the pelagic limestones at Hole 63 8B (Cores 103-683B-21R and 103-638B-25R). This probably led to the for mation of Lower Cretaceous quartz cherts in the North Atlan tic, as described by Riech and von Rad (1979a) .
DISCUSSION (COMPARE WITH APPENDIX B)
Two different types of depositional environments leading to the different lithologies observed are known from the Creta ceous North Atlantic: oxygenated environments in the Lower and Upper Cretaceous and oxygen-deficient environments in the middle Cretaceous. The diagenetic history of the radiolarian faunas reflects these differences in environmental conditions.
Radiolarians from Upper Cretaceous calcium Carbonate-free claystones deposited in an oxic environment are rarely recorded; they may have been completely removed by dissolution. Yet, in the strata deposited during two major Late Cretaceous oceanic events (CTBE and the Lower Campanian Biosiliceous Event), radiolarian faunas are common and replaced by coarse-grained zeolites or opal-CT. Radiolarians from the Hauterivian-Barre mian pelagic limestone are replaced by microspar and, only in places of intense bioturbation, by pyrite.
The diagenetic history of radiolarians from sediments depos ited in oxygen-depleted or anoxic environments is different from that of radiolarians deposited in oxic environments. Radiolari ans are replaced by silica or zeolite in the black shale and alter nating gray-green claystone. Black shales (with kerogen domi nantly type II) contain radiolarians replaced generally by sili cates, similar to onshore occurrences observed by Thurow and Kuhnt (1986) and Thurow (1987) . Although the anaerobic depo sitional environment of this sediment type would apparently have been most favorable for skeleton replacement by pyrite, no pyritized skeletons were found.
In the black shale and alternating gray-green claystone of the Hatteras Formation, radiolarians are again preferably replaced by opal-CT (commonly with zeolite internal casts). At Hole 641C, radiolarians in the black shale sequence are frequently re placed by pyrite, although there are still opal-CT-replaced forms (Appendix B). At Hole 398D, radiolarians in organic-carbonrich sediments show lusters of pyrite/limonite, which were not observed in the organic-carbon-poor layers.
The allochthonous dark and organic-carbon-rich marls (with kerogen dominantly type III) of the clastic Valanginian and Hauterivian sequence also provide an 0 2 -depleted, or anoxic, microchemical environment for the radiolarians, which are re placed by pyrite. All of the faunas were redistributed, and it is not clear as to whether the radiolarians were transformed into pyrite at the drill site or if they were pyritized prior to redistrib ution. ACKNOWLEDGMENTS I thank the Ocean Drilling Program for the invitation to participate in Leg 103 aboard the JOIDES Resolution and to obtain samples from Sites 638, 640, and 641. The National Science Foundation provided the samples from DSDP Leg 47B (Hole 398D) and Leg 93 (Hole 603B). The technical assistance of Horst Huttemann (Tubingen; SEM and EDAX analysis) is appreciated. This chapter greatly benefited from the reviews and helpful criticism by Dr. von Rad (Hannover) and two anonymous reviewers. This work was supported by the German D.F.G. Grant Wi 112-25.
APPENDIX A EDAX Analysis of Selected Alteration Features
Gold palladium was used for coating; thus Au and Pd peaks are not relevant for the analysis. AL = aluminium; S1 = Si0 2 ; AU = gold; S = sulfur; PD = palladium; K = potassium; CA = calcium; CL = chlorine; FE = iron; SR = strontium; BA = barium; MN = manga nese; P = phosphorous.
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Appendix A-l. EDAX analysis of a characteristic clinoptilolite crys tal with the typical EDAX spectrum for this mineral (Al, Si, and K). 
F E ED HX C
Appendix A-9. EDAX analysis of large crystals infilling a radiolar ian skeleton. The habit of the crystals is that of clinoptilolite, but the EDAX spectrum of the crystal face in the center of the picture reveals large amounts of S and Fe (pyrite) that are not scattered from the sur rounding area, as well as Si, Al, and K.
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Appendix A-10. EDAX analysis of a sphere of unknown origin (Ca and Fe-rich rhodochrosite).
APPENDIX B Diagenetic Alteration of Radiolarians (Sites 398 and 603 and Leg 103)
A study of the noncalcareous fraction with the binocular micro scope. No fragments were considered.
Abundance Rare/few: present, but < 100 specimens per 10 cm m-g = moderate-good; g-m = good-moderate (specimens show some dissolution and/or overgrowth, but not all species can be identi fied) m-p= moderate-poor; p-m = poor-moderate (specimens show an intermediate degree of surface dissolution and/or overgrowth; identifi cation of species is impaired, but some is possible) p = poor (specimens show high degree of dissolution and/or over growth; identification of species level is rare) Diagenesis Samples containing remarkable amounts of skeletal fragments of si liceous sponges are marked with #. Sponge remains have the same re placement mineralogy as the accompanying radiolarians (e.g., pyrite ra diolarians and pyrite sponge fragments).
Surface dissolution indicates that the outer surface of the skeleton is smooth and species attributes are not visible.
Limonite-replaced skeletons and limonite lusters are probably the re sult of treatment with H 2 0 2 and indicate primary pyrite.
The different types of alteration are described in the text "Diagenetic Replacement Processes." The following replacement/alteration pro cesses are listed in this Appendix:
1. Replacement of opal-A by opal-CT, with rare recrystallization to quartz (type A) E, F, and pyrite overgrowth E, high diversity-F and py rite overgrowth E, F, and pyrite overgrowth E, high diversity-F and py rite overgrowth E, high diversity-F and py rite overgrowth E, F, and pyrite overgrowth E, F, and pyrite overgrowth E, F, and pyrite overgrowth E, F, and pyrite overgrowth Figure 3 , with opal-CT blades and opal-CT lepisphere. 5. Opal-CT-replaced spumellarian in nannofossil marlstone. Pattern of white dots is distribution of chlorine (NaCl) from salt in interstitial waters that preferentially evaporated in the radiolarian test. Sample 103-638B-21R-5, 98-100 cm. 6. Silica distribution in the area of Figure 5 . Note abundant silica dots in the sediment around the radiolarian test. 7. Close-up of Figure 5 after 1 yr of storage. Note salt crystals growing from the nannofossil marlstone into the radiolarian test and opal-CT blades on the inner surface of radiolarian test.
